a Thermal material properties play a fundamental role in the thermal management of microelectronic systems. The porous nature of carbon nanotube (CNT) arrays results in a very high surface area to volume ratio, which makes the material attractive for surface driven heat transfer mechanisms. Here, we report on the heat transfer performance of lithographically defined micropins made of carbon nanotube (CNT) nanofoam, directly grown on microhotplates (MHPs). The MHP is used as an in situ characterization platform with controllable hot-spot and integrated temperature sensor. Under natural convection, and equivalent power supplied, we measured a significant reduction in hot-spot temperature when augmenting the MHP surface with CNT micropins. In particular, a strong enhancement of convective and radiative heat transfer towards the surrounding environment is recorded, due to the high aspect ratio and the foam-like morphology of the patterned CNTs. By combining electrical characterizations with high-resolution thermographic microscopy analysis, we quantified the heat losses induced by the integrated CNT nanofoams and we found a unique temperature dependency of the equivalent convective heat transfer coefficient, H c . The obtained results with the proposed non-destructive characterization method demonstrate that significant improvements can be achieved in microelectronic thermal management and hierarchical structured porous material characterization.
Thermal material properties play a fundamental role in the thermal management of microelectronic systems. The porous nature of carbon nanotube (CNT) arrays results in a very high surface area to volume ratio, which makes the material attractive for surface driven heat transfer mechanisms. Here, we report on the heat transfer performance of lithographically defined micropins made of carbon nanotube (CNT)
nanofoam, directly grown on microhotplates (MHPs). The MHP is used as an in situ characterization platform with controllable hot-spot and integrated temperature sensor. Under natural convection, and equivalent power supplied, we measured a significant reduction in hot-spot temperature when augmenting the MHP surface with CNT micropins. In particular, a strong enhancement of convective and radiative heat transfer towards the surrounding environment is recorded, due to the high aspect ratio and the foam-like morphology of the patterned CNTs. By combining electrical characterizations with high-resolution thermographic microscopy analysis, we quantified the heat losses induced by the integrated CNT nanofoams and we found a unique temperature dependency of the equivalent convective heat transfer coefficient, H c . The obtained results with the proposed non-destructive characterization method demonstrate that significant improvements can be achieved in microelectronic thermal management and hierarchical structured porous material characterization.
Introduction
The performance of microelectronic and optoelectronic devices is often severely limited by high temperatures and insufficient heat management. 1, 2 Therefore, when considering device fabrication and packaging, it is important to select materials based on their thermal performance. The increasing demand for more integrated functionality and miniaturization of microelectronic systems, is pushing the limits of traditional cooling and packaging approaches. 3 In fact, thermal management may well be the major bottleneck of the next electronics revolution. Efficient thermal management solutions are required at chip level as well as system level. For example, heat dissipation is fundamental in microprocessor and integrated circuits (ICs) as in current mobile electronic as well as server farms. Moreover, self-heating in applications like high power light-emitting diodes and solar cells affects their longterm stability. 4, 5 Therefore, novel cooling solutions are being developed based on nanotechnologies and functional nanomaterials. [6] [7] [8] [9] [10] [11] [12] In particular, nanomaterials are mainly used as localized on-chip cooling solutions, spanning from harvesting thermal energy by using piezoelectric nanowires and super-lattice thin films, 6 to heat spreading through graphene layers or nanocrystalline diamond, 9-11 towards carbon nanotubes (CNTs) as thermal interface material (TIM) and heat sinks. 7, 8, 12 It is well known that carbon allotropes and their derivatives possess superior thermal properties. 13 In particular, CNTs have an exceptionally high axial thermal conductivity, resulting from the strong sp 2 bonds arising between the constituent carbon (C) atoms. 14 In this respect, CNT-based nanofoam materials appear to be a promising candidate for achieving effective local heat dissipation. 13 However, the outstanding thermal properties only apply to individual CNTs. When grown in a nanoporous network of vertically aligned CNT arrays, a remarkable drop in thermal conductivity of several orders of magnitude is observed, ranging from 0.1 to 220 W m
The main explanation for the significant thermal conductivity reduction, as compared to single CNTs, is the relative high porosity of the foam-like CNT arrays and the weak thermal coupling between neighboring nanotubes in van der Waals contact. 16 However, foam-like vertically aligned CNT arrays exhibit significant advantages. Firstly, they are one of the few nanoscale materials that can be grown from a bottom-up template, which is lithographically defined and patterned using a CMOS compatible process. This makes the material extremely suitable for large-scale integration with microelectronics, replacing the need for heterogeneous integration and assembly of bulky macro-cooling solutions, such as heat sinks and fans. Secondly, the material can grow fast (growth rate of around 20 μm min −1 ) and can span size scales ranging from nanometers to centimeters. Therefore, it is very suitable for creating high-aspect-ratio three-dimensional (3D) microarchitectures.
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No other nanoscale material has shown similar capabilities. By combining both lithographically defined patterns and the fast vertical growth, almost infinite combinations of customized shapes and arrangements can be achieved, making the CNT nanofoam suitable for fabrication of localized, passive, customized on-chip cooling solutions, like microfins and pins, arrays and other 3D structures (Fig. S1 †) . Recently, we showed that high-aspect ratio foam-like CNT micropins of predefined shapes, can be grown on top of free standing membranes.
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This has highlighted the possibility to take advantage of the increased surface area, due to the high nanoporosity and highaspect ratio of the CNT arrays, to enhance convective and radiative heat dissipation from device towards the surrounding environment. Thirdly, by combining the nanoporous morphology of vertically aligned CNTs with different nanoscale conformal coatings, we have the unique opportunity to control the functionality and tune the material properties. 19 In fact, it has been demonstrated that by using thin coatings of only a few nanometers we can give a high elastic recovery to the CNT nanofoam while maintaining a high compliancy. 20 This makes the nanofoam promising for thermal interface material, replacing the contaminating and difficult to apply pastes. Moreover, they have great potential to be used as low weight framework for a broad range of applications, from three-dimensional carbon electrodes, 21 to thermoacoustic transducers, 22 to thermochromic displays, 23 to nanotexturing for solar devices. 24 For analysing and predicting microelectronic system performance, it is imperative that material properties are characterized and optimized. Even though considerable research efforts have been devoted to characterize the thermal conductivity of carbon based nanomaterials, significantly less attention has been paid to the more complex interaction between gas and nanoporous material which are expressed in terms of a convective heat transfer coefficient. This coefficient is important as it accounts for a significant amount of dissipated heat, and should be included for accurate characterization of thermal performance. The heat transfer coefficient across the solid-gas interface and its variation with the pressure, has been measured for a single nanowire in a gas environment by Cheng et al. 25 However, no experimental data can be found in literature discussing the natural convective heat transfer coefficient of foam-like vertically aligned CNT arrays and its temperature dependency at micron scale. Moreover, thermal investigations on CNT arrays are often carried out at relatively low temperature, thus the thermal radiative heat transfer is often negligible. 26 Foam-like CNT arrays have a large surface area to volume ratio. When combined with the almost perfect black body radiative properties, significant radiative losses at low temperature can be achieved. 27 In this work, we report on the heat dissipative properties of lithographically defined foam-like CNT arrays in vacuum and in the natural convective regime. To perform these thermal measurements a novel experimental approach was developed combining MEMS microhotplates (MHPs), on which the nanofoam materials are grown, with high-resolution thermographic analysis. Using direct growth of CNTs on the chip we can limit contact resistance, handling of the samples and benefit more directly from the intrinsic properties of the nanofoam material. Using a MHP device as both the heating source and as integrated thermal sensor, we characterize under a steadystate temperature condition several CNT arrays patterned in different configurations. We quantify the equivalent natural convective heat transfer coefficient between solid-air interface (H c ), the radiative heat transfer coefficient (H rad ) and the CNT nanofoam effective thermal conductivity (k eff ) over a wide temperature range. The present work demonstrates the effectiveness of lithographically defined CNT nanofoam structures as on-chip cooling solutions for consumer electronics.
Experimental
Performing thermal measurements on nano-and microscale CNT structures is challenging. Difficulties arise from handling the material, controlling contributions from contact resistances, towards a simple lack of an appropriate measurement apparatus with sufficient resolution. In this paper, we develop a measurement approach that combines a microelectromechanical systems-based (MEMS) experimental platform with highresolution IR thermographic imaging, providing several advantages. First of all, the material to be analyzed is directly grown on our measurement device; hence no complex sample handling or further processing is needed. Moreover, there is no additional contact resistance due to assembly of the material on the measurement apparatus. Lastly, the MEMS integrated temperature sensor and power controller have a high accuracy because they are placed within nanometer distance from the material to be analyzed.
CNT growth on microhotplates
High-aspect ratio foam-like CNT micropins in lithographically defined locations are directly grown on top of a suspended MEMS microhotplate (Fig. 1) . The MHP consists of a low-stress 400 nm thick SiN x square membrane with an area of 1 mm 2 , in which a platinum (Pt) microheater is integrated, as shown in ESI (Fig. S2 †) . The microheater has a spiral geometry, which covers a central area of 330 µm × 330 µm with a thickness of 200 nm ( Fig. 1(a) ). A detailed description of the MHP fabrication process can be found in previous work. 18 After the MHP fabrication, the micropins are grown using low-pressure chemical vapor deposition (CVD) in a commercial deposition system (Aixtron, Black Magic) at 600°C for 5 minutes, on lithographically defined catalyst (Fe) areas. An Aluminum Oxide (Al 2 O 3 ) layer of 10 nm thick and 1.5 nm of Fe are used as barrier and catalyst layer, respectively (Fig. S3 †) . The as-synthesized CNT micropin consists of interlaced multiwalled carbon nanotubes (MWCNTs) held together by weak van der Waals interactions. As determined by scanning electron microscopy (SEM, Philips XL50) inspection, the MWCNTs have an average diameter of 9 nm, and are packed with a density of 112 tubes μm −2 resulting in a porosity of about 95%. These values are in agreement with those reported by others. 20, 28 The packing density of our foam-like CNT micropin is limited by the relatively large spacing between the iron (Fe) nanoparticles employed as catalyst for the CVD growth. In Fig. 1 (b) a close up view of the foam-like morphology of the tip of a CNT micropin is shown. We prepared two different sample configurations: the first configuration consists of a single CNT micropin of 200 ± 1 μm in diameter and 158 ± 2 μm in height ( Fig. 1(c) ). The second configuration consists of multi-pins where each of the six micropins has a diameter of 20 ± 1 μm and a height of 180 ± 4 μm ( Fig. 1(d) ).
Electrical characterization
The employed MHP design generates a local hotspot in the center of the suspended membrane. The heat produced by Joule heating is dissipated by conduction through the membrane towards the bulk substrate, and by radiation and convection towards the surrounding medium. The addition of the CNTs enhances the heat dissipation through convection and radiation. To quantify the heat dissipated by the as-grown CNT micropins, electrical measurements were performed in air and in vacuum. The difference in power dissipated towards the environment is measured by operating the MHP at equivalent temperatures for the different sample configurations and environmental conditions. The dissipated power was acquired in steady-state heat transfer conditions at various temperatures, ranging from ambient temperature (T surr = 294.15 K) up to a maximum temperature T max of 575 K. For reference, the measurements were repeated on a MHP without CNTs. The electrical characterization is performed in a customized stainless steel chamber equipped with four probe needles connected to an Agilent 4156C Parameter Analyzer (Fig. S4 †) . After connecting the chamber with a vacuum pump, the device was characterized from atmospheric pressure up to 1 × 10
mbar, which is the minimum pressure achievable in the system. All the configurations are measured by supplying a step wise current from 1 mA to 10 mA. The maximum input current is limited by the breakdown current of the heater, which occurs at around 14 mA. The MHP is used both as local heat source and as sensing element. For the latter functionality, it is necessary to first calibrate the Pt spiral heater. The temperature coefficient of resistance (TCR) obtained is equal to 2500 ± 40 ppm K −1 . After recording the voltage drop across the microhotplate, the resulting resistance is related to the temperature using the measured TCR value.
Infrared (IR) micro-thermography
High-resolution thermographic microscopy analysis can be used as an effective method to extract thermal conductivity of vertically oriented CNT composites. 29 In our case the experimental IR thermal analysis was performed with a state-of-art system based on the use of an ultrafast thermo-camera. 30 Before performing IR measurements on CNT configurations, a calibration procedure was performed to compensate for different material IR emissivity, temperature ranges and lens addition. The calibration procedure, based on the two point algorithm, is described elsewhere. 31 After the calibration step, the temperature distribution on the device top surface was recorded at four different power dissipation levels by heating the device by Joule heating. The high-resolution micro-thermography system has a temperature sensitivity of about 1 K and a spatial resolution of 2.5 μm. Fig. S5 † reports the high reliability between the average temperature measured by both IR thermal analysis and electrical stimulation for the micropin and multi-pin configurations.
Theoretical analysis
To evaluate the heat transport in a foam-like CNT micropin, the governing differential equation for a pin fin system subjected to appropriate boundary conditions is used. 32 Fig . 2 shows a schematic illustration of a single CNT micropin with length L = 180 μm and diameter D = 20 μm. As the micropin height L is much larger than the phonon mean free path, a diffusive heat transport regime can be applied. The estimated phonon mean free path in a MWCNT array can be as low as 20 nm due to defect scattering and intertube coupling. 33 Moreover, the conduction along the CNT micropin is assumed to be one-dimensional because of the high aspect ratio (L ≫ D), hence the radial temperature variation is negligible compared to the axial variation. The one-dimensional heat transfer model described above is used to extract the micropin effective conductivity k eff , from the measurements. The detailed description about the analytical model can be found in ESI. †
Results and discussion
The measurement of MHP electric driving power and the temperature for all sample configurations in both vacuum and air is shown in Fig. 3 . In vacuum, all sample configurations show a similar relationship between power and temperature up to 450 K. At higher temperatures, the microhotplates equipped with CNT micropins start diverging, by dissipating more power for an equivalent temperature, as compared to the reference sample without CNT structures (Fig. 3(a) ). This is due to the additional heat loss through radiation. The radiation heat loss is directly proportional to the total exposed surface area A t and to the material emissivity ε, consequently the increase of both results in more power dissipated. The single-and multi-micropin CNT configuration increase the MHP surface area with respectively 0.163 mm 2 and 0.073 mm 2 . Combined with the high emissivity coefficient of carbon, it explains why the single micropin configuration dissipates more power compared to the multi-pin one in vacuum. In air, the power versus temperature measurements start diverging at a lower temperature, namely 350 K, see Fig. 3(b) . The natural convection, in addition to radiative heat transfer, is now contributing to a better thermal performance for all three sample configurations. However, the addition of the CNT micropins enhances the radiative and convective heat transfer even further, as shown by the offset in Fig. 3(b) with respect to the reference (no CNT) sample, thus reducing the temperature at the center of the MHP. For a given input power of 30 mW, the single micropin and multi-pin arrangements show a remarkable reduction in the local hot spot temperature of respectively 66 ± 8 K and 28 ± 8 K (Fig. 3(c) ). In Section 3.1 we discuss in more detail the effects of nanoporosity on the enhanced convective heat transfer.
In order to estimate the contribution of each heat transfer mechanism involved, we first calculate the radiative dissipation, P rad , by the Stefan-Boltzmann law: P rad (T avg ) = εσA t (T avg T avg and T surr are the average temperature measured from the MHP and the surrounding temperature, respectively. The heat transferred by conduction, P cond , is obtained from the MHP driving power in vacuum P vac , minus the power dissipated by radiation: P cond (T avg ) = P vac (T avg ) − P rad (T avg ). The convective heat transfer P conv , is obtained by subtracting the MHP driving power in air P air , and the input power in vacuum: P conv (T avg ) = P air (T avg ) − P vac (T avg ). Fig. S6 † shows the cooling paths across the entire system (MHP and CNT micropin). In Fig. 4 the power versus temperature measurements of conduction, convection and radiation are reported for all sample configurations. It is interesting to observe that for a given temperature, the power dissipated by conduction through the membrane is lower for the reference MHP than for the MHP with integrated CNT micropins (Fig. 4(a) ). This is because more power is dissipated by radiation and convection through the CNT micropins, as shown in Fig. 4(b and c) . We also notice that the power dissipated by radiation increases upon the integration of the micropins. At T max = 575 K, the increase in radiative dissipated power for the multi-and single micropin corresponds to about 106% and 161%, respectively, compared to the reference hotplate. The power dissipated by convection increases less significantly, 20% and 44%, respectively. In all cases the power is mainly dissipated by convection. This is shown in Table S1 , † where the relative power dissipated through conduction, radiation and convection are reported at T max = 575 K.
In the following subsections we further explore the CNT nanofoam thermal properties in terms of the natural convective heat transfer coefficient H c , radiative heat transfer coefficient H rad and effective thermal conductivity k eff .
Natural convective heat transfer coefficient
Convective heat dissipation is an important factor that influences the overall thermal behavior of the MHP and nanofoam material. The temperature dependence of the natural convective heat transfer coefficient H c is defined by: Therefore, at micrometer scale, the natural convection is subjected to a considerable enhancement. The increased value of H c is an indicator of the influence of surface effects such as increased surface area, due to nanoporosity, surface friction, surface roughness, surface geometry on the flow and heat transfer at micro-and nanometer scale. 35 A similar enhancement has been recorded for cylinders and plates with characteristic length around 100 μm.
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The power-temperature characteristics of the microhotplate are not significantly influenced by the orientation in the gravitational field. The change in operational power to maintain the MHP at a constant temperature, with regards to vertical or horizontal orientation, was less than 1%. This suggests that the heat-to-air transfer mechanism is dominated by the conduction between the heated solid interface and the air molecules, whereas the natural convective motion is negligible. It has been experimentally demonstrated that the heat loss by natural convection from electrically heated microfilaments is mainly transferred through air conduction rather than through air convection. 37, 38 In particular, it has been reported that the conductive contribution to H c is almost ten times higher than the convective contribution. Therefore, H c at micro and nanoscale has to be considered as an equivalent convective heat transfer coefficient. It includes both the natural convection and conduction to surrounding air, with the latter as dominant heat dissipation mechanism. Our results as well as the literature demonstrate that a more complex interaction between heat exchange of microstructures, nanofoam materials and the surrounding fluid is present.
Radiative heat transfer coefficient
The radiative heat transfer coefficient H rad and its temperature dependency are determined by,
To precisely quantify the radiative contribution, the ε of the MHP and the CNTs is measured by high-resolution IR thermal microscopy. The ε of the CNT nanofoam is 0.95, which is very close to that of a black body; while the ε of the MHP is only about 0.22. Fig. 5(b) shows the obtained H rad trends for both CNT micropin arrangements. For the single micropin configuration H rad increases from 2.7 W m
when ΔT is increased from 30 K to 280 K. For the multi-pin, H rad goes from 2.4 W m
for the same temperature range. As expected, the radiative emission increases with both temperature and emitting area.
Thermal conductivity
The effective thermal conductivity k eff of a micropin extracted from the multi-pin arrangement can be determined by using the one-dimensional heat transfer model coupled with highresolution IR thermal maps (Fig. 6 ). Equation S6, † can be solved for k eff by extracting the base temperature, T b , and tip temperature, T tip , of each micropin from the obtained thermal mapping. The measured thermal conductivity k eff is averaged over the six CNT micropins. By powering the MHP while recording the emitted infrared radiation, it is possible to determine the spatial temperature distribution and consequently the corresponding temperature dependency of k eff over a broad temperature range, from room temperature up to 510 K. Fig. 7(a) shows the obtained k eff as a function of temperature. The CNT nanofoam k eff increases gradually when the temperature increases, reaching about 2.18 ± 0.04 W m
at 510 K. The effective thermal conductivity increased by 39.1% over a temperature range of 369 K to 406 K. Above 406 K the nanofoam showed reduced rates equal to 25.6% and down 19.5% at 406-450 K and at 450-508 K, respectively. The conductivity slope variation is caused by the competition between the various phonon-scattering processes triggered by temperature change. In CNT nanofoam, we observed a continuous increase of the thermal conductivity, also above the typical peak temperature of individual CNTs. 40 It likely reveals a dominance of point-defect and grain-boundary scatterings over Umklapp scattering even at high temperature. The temperature dependence of the vertically aligned MWCNT array thermal conductivity has been reported at different temperature ranges: at 5-390 K, 41 at 10-300 K, 42 and at 300-830 K. 43 In order to investigate k eff as a function of temperature, the cited work employed complex post-growth process and experimental techniques, which can affect the CNT quality and adds a potential source of error and uncertainty during the measurement phase. For example, suspending a CNT rope between two copper electrodes is a manually intensive procedure, 42, 43 and when successful, infiltration of the contact material into the CNT arrays can influence the achieved result. 41 Our non-destructive thermal transport measurement, allows the direct characterization of nano-and micro-scale materials at a large temperature range. Furthermore, no sample handling is required when the materials can be grown from the bottom-up in predefined locations on the microhotplate.
The thermal conductivity of an individual MWCNT in vertically aligned arrays, k CNT , can be estimated by correlating k eff with the number of CNTs per unit area (N CNT /A array ) and the average cross sectional area of a single nanotube (A CNT ): Both k CNT and k eff are orders of magnitude lower than the experimental value of individual MWCNT (∼3000 W m
The quality of the CNTs, which typically depends on the growth method, is the main factor influencing the intrinsic thermal conductivity. The Raman spectra of the CNT samples show an I D /I G ratio equal to 0.93, revealing a low crystallinity degree within the CNT nanofoam (Fig. S7 †) . It is well known that, in comparison to laser ablation or arch-discharge methods, CNTs grown by chemical vapor deposition (CVD) have considerably lower quality. However, the thermal conductivity drop observed goes beyond factors related to the CNT quality like packing density, number of shells and dislocations. The major factors degrading the overall CNT nanofoam thermal performance are the interface thermal resistance between adjacent tubes and the thermal boundary at the interface CNT-substrate. The interaction between adjacent nanotubes, primarily caused by van der Waals forces, creates new sites for phonon scattering, decreasing the intrinsic thermal conductivity, and enhancing the interface thermal resistance between neighboring CNTs. Aliev et al. found that the intertube interactions and alignment imperfections reduce the thermal conductivity of a MWCNT arrays to a factor of three. 27 In particular, they estimated that to decrease the inter-tube scattering, the crosslinking between nanotubes should occur only over short distances (2-3% of their total length). In our work, considering a micropin length of about 180 μm, the maximum overlapping length between neighboring tubes should be between 3.6 μm and 5.4 μm. This would prevent the degradation of the heat conduction. Careful inspection of the nanofoam morphology using SEM, indicates that crosslinking of nanotubes is higher than the suggested optimum value (Fig. S8 †) . This suggested that the inter-tubes interactions might significantly contribute to the observed thermal conductivity reduction.
The thermal boundary resistance at the interface CNTsubstrate is considered an important limiting factor for both potential thermal and electrical applications. It depends strongly on the substrate material and packing density. 44 It has been demonstrated that in presence of a weak bond between substrate and the nanofoam, not all the CNTs participate effectively to the heat transport. 45 
Conclusions
Lithographically defined CNT nanofoam structures, can enhance the surface driven heat transfer mechanisms of microelectronic systems in the natural convective regime. Different configurations of CNT structures were directly grown on MEMS microhotplates (MHPs) with controllable hotspot and integrated temperature sensor. Combined with highresolution infrared thermographic microscopy analysis, the thermal material properties of the patterned CNT structures were measured. Our approach eliminated measurement uncertainties arising from manual assembly and handling of samples. Augmentation of the MHP hotspot with CNT micropins (with a height of 158 ± 2 μm and a diameter of 20 ± 1 μm) resulted in a temperature reduction of up to 66 ± 8 K in free air, compared to MHPs without micropins operating at similar power. In particular, the equivalent convective heat transfer coefficient H c for a multi-pin configuration accounted for 167 W m −2 K −1 , much higher than macroscale value (between 2 to 25 W m −2 K −1 ). We conclude that the conduction between the air molecules and the heated solid interface dominates the heat-to-air transfer mechanism, whereas the natural convective motion is marginal. The CNT nanofoam also demonstrated a gradually increase of the effective thermal conductivity with temperature from: 1.04 W m −1 K −1 at 369 K to 2.24 W m
at 510 K. Finally, the lithographically defined CNT nanofoam structures are suitable for large-scale integration with microelectronics and represent a valuable alternative to bulky macro-cooling solutions. We therefore believe that CNT nanofoam structures are suitable for localized, passive, customized on-chip cooling solutions, like micro-fins, pin arrays and other 3D microarchitectures.
